Gamma-ray Burst (GRB) collimation has been inferred with the observations of achromatic steepening in GRB light curves, known as jet breaks. Identifying a jet break from a GRB afterglow lightcurve allows a measurement of the jet opening angle and true energetics of GRBs. In this paper, we reinvestigate this problem using a large sample of GRBs that have an optical jet break which is consistent with being achromatic in the X-ray band. Our sample includes 99 GRBs from February 1997 to March 2015 that have optical and, for Swift GRBs, X-ray lightcurves that are consistent with the jet break interpretation. Out of 99 GRBs we have studied, 55 GRBs are found to have temporal and spectral behaviors both before and after the break consistent with the theoretical predictions of the jet break models, respectively. These include 53 long/soft (Type II) and 2 short/hard (Type I) GRBs. Only 1 GRB is classified as the candidate of a jet break with energy injection. Another 41 and 3 GRBs are classified as the candidates with the lower and upper limits of the jet break time, respectively. Most jet breaks occur at 90 ks, with a typical opening angle θ j = (2.5 ± 1.0)
than 10
4 s, the Liang-Zhang relation remains tight and the Ghirlanda relation still exists. These relations are derived from Type II GRBs, and Type I GRBs usually deviate from them.
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Introduction
Gamma ray bursts (GRBs) are the most luminous phenomena observed in the universe, with an isotropic γ-ray energy up to E γ,iso ∼ 10 55 erg (Kumar & Zhang 2015) . They signify the birth of a stellar-mass black hole or a rapidly rotating magnetized neutron star during the core collapse of massive stars (Type II GRBs) or mergers of compact objects (Type I GRBs) (e.g., Woosley 1993; Paczyński 1998; Woosley & Bloom 2006; Gehrels et al. 2005; Berger 2014; Zhang 2006; Zhang et al. 2007 ). Phenomenologically, GRBs are classified based on the burst durations (Kouveliotou et al. 1993) , with long GRBs (LGRBs, T 90 > 2 s) mostly correspond to Type II and short GRBs (SGRBs, T 90 < 2 s) mostly correspond to Type I. An important result from the pre-Swift era observations is that Type II GRBs are highly collimated with a typical opening angle of ∼ 5 o (e.g. Frail et al. 2001; Bloom et al. 2003; Berger et al. 2003) . Some empirical correlations, several involving jet opening angles, have been discussed in the literaure (e.g. Frail et al. 2001; Amati et al. 2002; Ghirlanda et al. 2004; Liang & Zhang 2005; Wang et al. 2011 ).
Theoretically, GRB afterglow is essentially independent of the progenitor and central engine, and invokes the interaction between the fireball that produced the GRB and an circumburst medium (CBM) with a density profile generally described as n(r) ∝ r −k . A generic synchrotron external shock model has been well established to interpret the broad-band afterglow data (e.g., Mészáros & Rees 1997; Sari et al. 1998; Chevalier & Li 2000; Gao et al. 2013) . Our recent study (Wang et al. 2015) suggests that the simplest external forward shock models can account for the multi-wavelength afterglow data of at least half of the GRBs. When more advanced modeling (e.g., long-lasting reverse shock, structured jets) is invoked, up to 90% of the afterglows may be interpreted within the framework of the external shock models.
An achromatic, steepening temporal break observed in some afterglow lightcurves suggests that the GRB outflows are collimated. In the fireball external shock model, the burst ejecta moves with a relativistic speed and is assumed to form a conical jet with half opening angle θ j . As the burst ejecta are decelerated by the ambient, the relativistic beaming angle 1/Γ continues to increase with time. When1/Γ > θ j is satisfied, a steepening break in the afterglow lightcurve (known as the jet break) is predicted. This is mostly due to an edge effect, which is purely geometric: the 1/Γ cone is no longer filled with emission beyond the jet break time (when 1/Γ > θ j ). This gives a reduction of flux by θ 2 j /(1/Γ) 2 = Γ 2 θ 2 j . It has been suggested that a maximized sideways expansion effect may further steepen the light curve (Rhoads 1999; Sari et al. 1999 ). This theory suggests that sound waves in the jet would cross the jet in the transverse direction when 1/Γ > θ j . The cross section of the jet would increase with time, leading to an exponential deceleration of the jet. Later numerical simulations suggested that the sideways expansion effect is not significant, but the post-jetbreak decay index could be similar to that predicted in the sideways expansion models (e.g., Zhang & MacFadyen 2009; Granot & Piran 2012) .
Extensive studies on the jet break phenomenon have been carried out. In the pre-Swift era, several cases of jet break have been observed in the optical band at several days after the GRB trigger (e.g., Rhoads 1999; Sari et al. 1999; Huang et al. 2000; Halpern et al. 2000; Frail et al. 2001; Bloom et al. 2001; Jaunsen et al. 2001; Wei & Lu 2002; Wu et al. 2004; Gao & Wei 2005; Panaitescu 2005a; Starling et al. 2005; Yonetoku et al. 2005; Zeh et al. 2006; Gorosabel et al. 2006; Liang et al. 2008) . However, the achromatic behavior of the break, a prediction of the jet model, could not be confirmed with the optical data only. A rich database of broadband afterglow lightcurves are accumulating after the Swift satellite was launched. Many investigations to search for and to study the statistical properties of jet breaks have been carried out based on the XRT data (e.g., Grupe et al. 2006; Wang & Mészáros 2006; Burrows & Racusin 2006; Dai et al. 2007; Jin et al. 2007; Nava et al. 2007; Panaitescu 2007; Willingale et al. 2007; Liang et al. 2008; Kocevski & Butler 2008; de Pasquale et al. 2009; Evans et al. 2009; Kamble et al. 2009; Racusin et al. 2009; Urata et al. 2009; Gao & Dai 2010; Tanvir et al. 2010; Zheng & Deng 2010; Nicuesa Guelbenzu et al. 2011a; Fong et al. 2012 Fong et al. , 2014 , the optical data (e.g., Dai et al. 2007 Dai et al. , 2008 Panaitescu 2007; Krühler et al. 2009b; Tanvir et al. 2010; Afonso et al. 2011; Filgas et al. 2011; Nicuesa Guelbenzu et al. 2011a; Fong et al. 2014) , and the radio data (e.g., Sheth et al. 2003; van der Horst et al. 2005; Fong et al. 2014) . The X-ray lightcurves of some GRBs did not show a clear jet break at very late times (Grupe et al. , 2007 . Some argued that a jet break may be hidden in the low signal-to-noise ratio (S/N) lightcurves (e.g., Shao & Dai 2007; Sato et al. 2007; Curran et al. 2008 ). More late time optical observations are needed to reveal late jet breaks and to constrain GRB collimation and energetics (Zhang 2011) . Indeed, X-ray observations with Chandra X-Ray Telescope have led to detections of some late jet breaks, which allowed a study of the off-axis effect of GRB jets . Among the GRBs with optical afterglow detections, only 1/3 were also detected in the radio band. However, there is a lack of GRBs with high quality lightcurves in the radio band to conduct jet break searches.
Based on a rich database of broad-band afterglow up to 2015, this paper aims at a systematic analysis of the jet break features in GRBs. The sample selection and data analysis are described in §2. We use the closure relations of the external forward shock model to select the jet break candidates, and the results are presented in §3. A statistical analysis of energetics and luminosity correlations of the jet break sample is presented in §4. Our results are summarized in §5 with some discussion.
We characterize the dependence of the afterglow flux on time and frequency as F (t, ν) ∝ t −α ν −β , where α is the temporal decay index, and β is the spectral index. We use the ΛCDM model with cosmological parameters of Λ M = 0.27, Ω Λ = 0.27, and H 0 = 71 km s
to calculate the energetics of the GRBs.
Data Sample
To systematically investigate jet breaks, we collect all the optical afterglow data from the first GRB optical afterglow detected from February 1997 to March 2015. This includes 17 pre-Swift GRBs from Liang et al. (2008) that have been studied extensively. A sample of ∼ 260 optical lightcurves are compiled from the published papers (e.g. Kann et al. 2010a Kann et al. , 2011 or GCN Circulars after the Swift launch. The UVOT data are not included in our sample. For the Swift data, we obtain a sample of 85 well-observed GRBs with light curves in both X-ray and optical bands and the constrained spectral indices. Out of these 85 bursts, 82 GRBs have been graded as the achromatic sample consistent with the external shock model (i.e. Gold and Silver samples defined in Wang et al. 2015) . We thus select 82 GRBs from the achromatic sample for the purpose of this work. As a result, altogether 99 GRBs are included in our final sample.
Most observations were carried out in the R-band. For those observations carried out in other bands, we correct them to the R band with the optical spectral indices (β O , with the convention F ν ∝ ν −β O ) collected from the literature assuming that there is no spectral evolution. The correction due to Galactic extinction is taken into account using the reddening map presented by Schlegel et al. (1998) . Because of large uncertainties, we do not make corrections to the extinction in the GRB host galaxies.
The optical light curves are usually composed of one or more power-law segments along with some humps, flares or rebrightening features (e.g. Li et al. 2012; Liang et al. 2013; Wang et al. 2013 Wang et al. , 2015 . To decompose the rich temporal features of GRB light curves, we fit the light curves with a model of multiple components. Similar to Wang et al. (2015) , we decompose the lightcurves into several basic components, i.e. a single power-law (SPL) function
or a smooth broken power-law (BPL) function
where α, α 1 , α 2 are the temporal slopes, t b is the break time, and ω measures the sharpness of the break, or a smooth triple-power-law (TPL) function that catches the canonical shape of X-ray lightcurves Nousek et al. 2006) , i.e.
where ω 2 is the sharpness factor of the second break at t b,2 , and
We perform best fits to the data using the subroutine MPFIT (Markwardt 2009 ). The sharpness parameter ω and ω 2 are usually adopted as 3 or 1 in our fitting. A minimum number of components (SPL, BPL, or TPL) are introduced initially based on eye inspection.
If the reduced χ
2 is much larger than 1, we then continue to add more components into the fitting, until the reduced χ 2 becomes close to 1 (usually less than 1.5). We'd like to stress that one may not solely based on χ 2 to evaluate whether a jet break is robust. This is because some GRBs (e.g., GRB 050730, 060729, 090926A) show erratic fluctuations in the lightcurves with small error bars. The reduced χ 2 values of these bursts are much larger than 1. Inspecting their light curves, the large χ 2 are caused by the complicated features in the light curves (such as small flares and fluctuations). However, the PL and BPL fits in any case catch the general features of these lightcurves. Even though adding more comments can reach better reduced χ 2 , we do not add them since we are not interested in the fine-details of the lightcurves. The χ 2 values of these fits remain much greater than 1. Furthermore, to avoid the additional features (e.g., steep decay phase, flares, re-brightening features) to affect the fits, we just perform the best fits in the time interval around the jet break. In some cases, the reduced χ 2 values for the lightcurve fittings are much smaller than 1. It means that some model parameters are poorly constrained. For these cases, we fix some parameters and redo the fits until the reduced χ 2 becomes close to 1. According to the MPFIT documentation, the error estimates produced by MPFITFUN/EXPR would not be correct if the data points with large errors are not be properly weighted. In this case, we set the "Error" term to unity and proceed with the fit 1 . We call the PERROR routine in the MPFITFUN to obtain the parameter errors, and use the 2σ parameter errors in our analysis.
Selection criteria and Jet Break Candidates

Jet break light curves
After the launch of the Swift satellite in (Gehrels et al. 2004 ), a rich data base of the light curves have been collected, which allowed a systematic analysis of the emission components of the broadband light curves, especially for the X-ray lightcurves (e.g. Barthelmy et al. 2005; Fan & Wei 2005; Tagliaferri et al. 2005; Zhang et al. 2006; Nousek et al. 2006; Liang et al. 2007 Liang et al. , 2008 Racusin et al. 2009; Margutti et al. 2010 ) and the optical lightcurves (e.g. Liang et al. 2006; Nardini et al. 2006; Kann et al. 2006 Kann et al. , 2010a Kann et al. , 2011 Panaitescu & Vestrand 2008 Li et al. 2012) . "Synthetic" lightcurves of X-ray and optical emission have been summarized by Zhang et al. (2006) and Li et al. (2012) . In both bands, one prominent feature in the late afterglow phase is the existence of a jet break feature. In principle, one can have two types of jet breaks (e.g. Wang et al. 2015 ):
• Standard jet break: This corresponds to the transition from the normal decay phase (standard afterglow component) to the post-jet-break phase in the canonical lightcurve. Lightcurves of such a category are caused by an edge-effect or with a contribution of sideways expansion. The post-break decay index is required to be steeper than 1.5 for this model. The post-break index can be as steep as the electron energy index p as predicted by the sideways expansion models (Sari et al. 1999 ).
• Jet break with energy injection: This corresponds to the case of an extended energy injection phase which extends to a duration longer than the jet break time. As a result, the jet break is expressed in terms of a shallow decay phase followed by a steeper decay phase with the break consistent with being due to a jet edge effect. Both before and after the break, the afterglow can be delineated by an afterglow model with a continuous energy injection defined by a long-lasting central engine activity (Zhang & Mészáros 2001) , where q is the energy injection parameter. In principle, energy injection can be interpreted as either a long-lasting central engine (Dai & Lu 1998; Zhang & Mészáros 2001) or a Lorentz-factor-stratified ejecta (Rees & Mészáros 1998; Sari & Mészáros 2000; Uhm et al. 2012 ). These two scenarios are equivalent with each other, and can be both delineated with the parameter q ).
Selection criteria
We make use of the standard synchrotron external shock models of GRB afterglow to select the jet break sample. The criteria are the relationship between the temporal index α and spectral index β (with the convention F ν ∝ t −α ν −β ) as predicted by various external shock models, known as the "closure relations " (e.g., Zhang & Mészáros 2004; Zhang et al. 2006; Gao et al. 2013) . The indices α and β can be directly measured from the observational data. The predictions of the α − β relation depend on the sub-models (ISM vs. wind, adiabatic vs. radiative, whether or not there is energy injection, etc.), dynamical regimes (reverse shock crossing phase, self-similar deceleration phase, post-jet-break phase, Newtonian phase, etc.), and spectral regimes (different orders among the observed frequency (ν) and several characteristic frequencies (minimum injection frequency ν m , cooling frequency ν c , and self-absorption frequency ν a ). More details can be found in the comprehensive review by Gao et al. (2013) . Generally, the optical band is in either the spectral regime ν > ν c (Regime I, β = p/2) or ν m < ν < ν c (Regime II, β = (p − 1)/2) in the simplest analytical model (Sari et al. 1998 ). Due to the smoothness of the spectral breaks, the transition between the two regimes (regime I -II, (p − 1)/2 < β < p/2) may take several orders of magnitude in observer time. This period may be defined as a "grey zone" Uhm & Zhang 2014) , during which the α − β relation does not need to strictly satisfy the Regime I and Regime II regimes. The parameter space between the two closure relation lines is allowed by the theory. Data points falling into this grey zone should be regarded as consistent with the model. We employ the α − β closure relations (Table 1) for the ISM (k = 0) or wind (k = 2) medium models and with or without energy injection. For a steepening break, we require that the same model applies to both pre-and post-break phase, with the post-break decay defined either by the edge effect of sideways expansion effect. We have assumed ν a < min(ν m , ν c ) and ν O > ν m (ν O is the frequency of optical band), which is usually satisfied for optical afterglow emission for typical GRB parameters. A GRB to be included in our jet break sample needs to satisfy the following criteria:
• The optical lightcurves should satisfy closure relations of the same circumburst medium type (ISM or wind) in both pre-and post-break temporal segments, and the inferred electron spectral index p from both pre-and post-break segments should be consistent with each other within error.
• For a jet break without energy injection, the light curves should satisfy the closure relations for the constant-energy ISM or wind models before the break, and the corresponding jet model for either edge or sideways expansion effect after the break.
• For a jet break with energy injection, the light curves should satisfy the closure relations for the energy-injection ISM or wind models in both pre-and post-break phases, with the energy injection q parameter consistent with each other within error.
• The X-ray afterglow lightcurves of these bursts are found to be consistent with the same jet break model, as have been studied in detail in Wang et al. (2015) . We only plot X-ray lightcurves in Figure 1 -3 for a self-consistency check, without repeating the closure relation analysis for X-rays.
For those GRBs that cannot be identified as jet break candidates with the α − β closure relation, we classify them as either lower limit or upper limit candidates. Some GRBs satisfy the α − β closure relations of pre-jet break phase, and no break is observed at the last observational data point. These bursts are included in the lower limit jet break sample. Some other GRBs have their temporal slopes steeper than the normal decay and satisfy the α − β closure relations of post-jet break phase. However, no jet break is identified at the first point of this lightcurve segment (there might be complicated components before that). We classify these as the upper limit jet break sample.
Jet break candidates
We find that 55 out of 99 GRBs can satisfy the jet break criteria. We then characterize these GRBs as the jet break candidates (as shown in Table 2 and Figure 1 ). Figure 4 shows the α − β values measured from the lightcurves as compared against the closure relations. Another 41 and 3 GRBs are classified as the candidates with the lower and upper limits of the jet break time, respectively (as shown in Table 3 Among the 55 jet break GRB candidates, 53 are Type II (long) GRBs and 2 are Type I (short) GRB (GRB 051221A, and 130603B). Three GRBs (GRB 080319B, 080413B, 090426) have two jet breaks and are consistent with the two-component jet model (e.g. Racusin et al. 2008; Nicuesa Guelbenzu et al. 2011a; Filgas et al. 2011) . Only one GRB (GRB 030723) shows jet break with energy injection.
There are some GRBs that are consistent with more than one closure relation given their error bars. 53/55 and 40/55 GRBs can be consistent with ISM and wind model, respectively. The ISM model applies to more bursts that the wind model, which is consistent with the previous results (e.g., Panaitescu & Kumar 2002; Yost et al. 2003; Zhang et al. 2006; Schulze et al. 2011; Wang et al. 2015) . 38/55 GRBs are located in the grey zone between regime I and regime II. The median electron spectral index p of the jet break GRBs is p = 2.39 ± 0.48 ( Figure 6 ), which is very consistent with the previous studies (e.g., Achterberg et al. 2001; Ellison & Double 2002; Shen et al. 2006; Liang et al. 2007 Liang et al. , 2008 Curran et al. 2010; Wang et al. 2015) . The jet break time distribution can be roughly fit by a Gaussian function, with a typical value t b = 90.06 ± 84.36 ks ( Figure 5 ). The early jet break for the two-component jets has a distribution of t b = 0.2 ∼ 2 ks ( Figure 5 ).
Jet Angle Distribution and GRB Energetics
With the jet break time, one can calculate the half opening angle of the GRB jet, i.e.
for a constant density ISM medium (Rhoads 1999; Sari et al. 1999; Frail et al. 2001) , and
for a wind medium (Chevalier & Li 2000; Bloom et al. 2003) . Notice that θ j depends on the isotropic kinetic energy of the blastwave, E K,iso , rather than the isotropic γ-ray energy, E γ,iso . In some works, θ j is expressed in terms of E γ,iso through an efficiency parameter, which is assumed for a typical value. In order to more precisely estimate θ j , in this work we infer E K,iso directly from the data.
The isotropic γ-ray energy E γ,iso of a GRB is calculated as
where S γ is the gamma-ray fluence in the instrument band, D L is the luminosity distance of the source at redshift z, and the parameter k is a factor to correct the observed γ-ray energy in a given band pass to a broad band (e.g., 1 − 10 4 keV in the rest frame) with the observed GRB spectra (Bloom et al. 2001 ). We assume a Band function shape of the GRB spectrum (Band et al. 1993 ) and use the fitted spectral parameters to do the extrapolation.
The isotropic kinetic energy E K,iso is calculated based on the standard afterglow models Gao et al. 2013; Wang et al. 2015) . More specifically we use Equations (13-41) of Wang et al. (2015) to calculate E K,iso based on the medium type, spectral regime, and the value of p (> 2 or < 2) inferred from the data. Since the optical band is typically in the regime ν m < ν < ν c , we adopt Eqs. (20), (25), (34) and (39) of Wang et al. (2015) to perform the calculations. If the GRB is consistent with more than one closure relation, we choose the ISM model for the calculation of jet angles and energetics. The model parameters are taken as typical values: ǫ e = 0.1, ǫ B = 10 −5 , n = 1 or A * = 1, and Y = 1 (Wang et al. 2015) .
With inferred θ j , one can derive the geometrically corrected γ-ray energy
and kinetic energy
through the beaming correction factor defined as
For all the bursts in this sample, we collect the measured z and E p from the literature (as listed in Tables 2-4). We derive jet angles and energetics of GRBs using the available z and E p . Within the jet break, lower limit, and upper limit samples, 50, 38 and 3 GRBs have measured z from the literature, respectively. Since Swift-BAT has a narrow energy bandpass, the best fit spectrum is generally a power-law. The E p values derived from the Swift-BAT data alone are limited, since E p may be measured only when it falls approximately between 15 and 150 keV. In our sample, we only adopted the E p derived from Swift-BAT for GRB 050416A (Sakamoto et al. 2005b; Nava et al. 2008 Nava et al. , 2012 , 050502A (Nava et al. 2008 (Nava et al. , 2012 and 060206 (Cenko et al. 2006; Nava et al. 2008 Nava et al. , 2012 . If there are multiple instruments/missions (e.g., CGRO-BATSE, Fermi -GBM, HETE-2 -FREGATE,INTEGRAL-SPI/IBIS, Konus-Wind, RHESSI, Suzaku-WAM) that detected a same burst, the instruments/missions with the best fit Band function spectrum are adopted as the source of E p and S γ (also listed in Tables 2-4).
Our data suggest θ j = (2.5 ± 1.0) o (as shown in Figure 8 ), and the typical jet beaming factor f −1 b ∼ 1000. Notice that the typical jet half opening angle is smaller than the value (∼ 5 o ) inferred before (e.g. Frail et al. 2001; Bloom et al. 2003) . The main reason is that recent studies have suggested a relatively small value of ǫ B , of the order of 10 −5 − 10 −7 (e.g. Kumar & Barniol Duran 2009; Santana et al. 2014; Wang et al. 2015; Gao & Zhang 2015a; Zhang et al. 2015) , which suggests a relatively larger E K,iso than estimated before assuming a fixed GRB efficiency 2 . The smaller half jet opening angle also suggests a smaller beaming correction factor f −1 b , suggesting a somewhat higher event rate density of GRB progenitor systems. Figure 9 shows the radiative efficiency calculated at t b . Most GRBs show a small radiative efficiency with less than 10%. With a smaller value of ǫ B ∼ 10 −5 , the derived E K,iso values are systematically larger, so that the derived efficiency values are somewhat smaller than the values derived in previous work (e.g. Zhang et al. 2007; Racusin et al. 2011) . Nonetheless, the efficiency derived at the end of prompt emission (beginning of the shallow decay case) remain tens of percent for most GRBs, which demands a contrived setup for the internal shock models (e.g., Beloborodov 2000; Kobayashi & Sari 2001; Zhang & Yan 2011; Deng et al. 2015; Gao & Zhang 2015b ). Table 5 and Figure 7 displays the inferred mean value of various energies. For Type II GRBs, one has log(E γ,iso /erg) = 53.11 ± 0.84, log(E K,iso /erg) = 54.82 ± 0.56, log(E γ /erg) = 49.54 ± 1.29, and log(E K /erg) = 51.33 ± 0.58. For Type I GRBs, the energies are typically lower, i.e. log(E γ,iso /erg) ∼ 51, log(E K,iso /erg) ∼ 53, log(E γ /erg) ∼ 49 and log(E K /erg) ∼ (50 − 51).
The results of the lower limit and upper limit samples are presented in Table 6 -7 and Figure 7 -9. For the lower limit sample, the epoch of last data point is used to calculate the lower limit of the jet opening angle. For the upper limit sample, the first data point that marks the transition to the post-jet break phase (from a complicated component, e.g. flare) is used to set the upper limit of the jet opening angle (as shown in Figure 3 ).
Luminosity Correlations
In order to investigate several GRB luminosity correlations claimed in previous papers, we compile the necessary parameters of the GRBs in our sample in Table 2 . Their derived parameters are presented in Table 5 .
We test four correlations, i.e. the E p,z − E γ,iso (Amati ) (Amati et al. 2002; Amati 2006) (Liang & Zhang 2005) , and E γ,iso − f b (Frail ) relations. We write the
and the E p,z − E γ,iso − t b,z correlation (Liang-Zhang) in the form of
where E p,z and t b,z are the peak energy and jet break time in the rest-frame with E p,z = (1 + z)E p and t b,z = t b /(1 + z), respectively; C, a and b are the correlation indices. When conducting both single and multiple variable regression analyses to look for correlations, one may find discrepancy of the dependencies among variables by specifying different dependent variables for a given data set, especially when the data have large error bars or large scatter.
To avoid specifying independent and dependent variables in the best linear fits, in principle the algorithm of the bisector of two ordinary least-squares may be adopted. We therefore use the Spearman correlation analysis to search for correlations among these parameters, and adopt the stepwise regression analysis method to perform a multiple regression analysis for multiple parameters .
Type II GRBs in our sample can be fit with a tight Amati relation, with
(0.69±0.07) (Talbe 8 and Figure 10 ). The previous studies suggested that C ∼ (0.8 − 1) and m ∼ (0.4 − 0.6) (Amati et al. 2002; Amati 2006; Sakamoto et al. 2006; Frontera et al. 2012 ). Our slope is slightly steeper. One GRB (GRB 120729A) deviates from the relation. Type I GRBs (GRB 051221A and 1306033B) generally deviate from this relation with a relative low energy and high E p,z .
The E p,z −E γ (Ghirlanda) (Table 8 and Figure 11 ) has large scatter, with Ep,z 100keV ≃ (7.9± 4.8)( 0.7 , the large dispersion in the normalization parameter C suggests that it is not as tight as claimed before. We separate our sample to GRBs with jet break time earlier and later than 10 4 s, and found that they are well separated in the E p,z − E γ plane. Limiting the sample to the late jet break ones, one gets a tighter Ghirlanda-relation.
Similar to Ghirlanda relation, the early time jet break GRBs also introduce scatter to the E p,z − E γ,iso − t b,z (Liang-Zhang) correlation. Limiting to the late jet break sample, we get a tight E p,z − E γ,iso − t b,z relation,
. The correlation coefficient is 0.85 and the dispersion is δ = 0.15 with a chance probability p < 10 −4 (Talbe 8 and Figure 12 ). This is a tight correlation as claimed by Liang & Zhang (2005) . Including early jet breaks, the correlation is less tight with
, and regression leads to a correlation with different indices, i.e. correlation coefficient ∼ 0.67, dispersion ∼ δ = 0.22 and chance probability p < 10 −4 .
The E γ,iso − f b relation (Frail ) remains loose (Figure 13(a) ). We also extend it to E K,iso − f b (Figure 13(b) ). Limiting to Type II GRBs, we get a scatter relation with E K,iso ∝ f −0.8 b .
Conclusions and Discussion
The collimation of GRB jets is an important subject, and there have been many investigations in the past. After more than 10 years of successful operation of the Swift satellite, the sample of GRB afterglow expands significantly. It is therefore justified to revisit the jet break problem with a much larger sample, especially with the bursts with multi-wavelength data to confirm the predicted achromatic feature of jet breaks. In this paper, we have systematically studied the optical jet breaks of all the GRBs detected from February 1997 to March 2015, with most of them having X-ray data showing the consistency with the achromatic prediction. Making use of the standard external shock model, we identified 55 out of 99 GRBs that display a clear jet break in the optical light curves, which include 53 type II and 2 type I GRBs. Among them 3 GRBs show two jet breaks, 1 GRBs show jet break with energy injection.
Some interesting conclusions are obtained from our analysis:
• Most GRBs in the jet break sample are generally consistent with the ISM model. Only one jet break with energy injection is identified, suggesting that the time when energy injection ceases is typically earlier than the jet break time 3 .
• The jet break time has a distribution t b = 90.06 ± 84.36 ks, which gives a jet halfopening-angle distribution θ j = (2.5±1.0) o and the beaming correction factor log f −1 b = 3.00 ± 0.48. The typical angle is smaller than the previous claimed 5 o , which is caused by a more general treatment of the afterglow kinetic energy, which is derived to be larger due to the small ǫ B inferred by many recent studies.
• The typical jet correction factor f −1 b ∼ 1000 is larger than the previously inferred 3 Similar to X-ray lightcurves that usually show an early shallow decay phase Nousek et al. 2006 ), a shallow decay phase is also seen in the optical band in some GRBs (Li et al. 2012; Wang et al. 2015) , which requires energy injection into the blastwave.
values Guetta et al. 2005; Liang et al. 2007; Racusin et al. 2009 ), suggesting a factor of two higher event rate density of GRB events.
• With the inferred jet opening angles, one can derive the distributions of various energies, which read log(E γ,iso /erg) = 53.11 ± 0.84, log(E K,iso /erg) = 54.82 ± 0.56, log(E γ /erg) = 49.54 ± 1.29 and log(E K /erg) = 51.33 ± 0.58. They generally all have large scatter, even for jet corrected values. This suggests that GRBs do not have a standard energy reservoir as speculated before.
• The derived electron spectral index has a distribution p = 2.39 ± 0.48, which is consistent with earlier results.
• A fraction of GRBs have lower limits of jet break time. However, due to the sensitivity limits, these lower limits are generally consistent with the observed jet break time distribution. The typical jet half-opening-angle of the true distribution may be consistent with or somewhat larger than the value inferred from this paper.
We also revisited several previously claimed luminosity correlations. Following results are obtained:
The relation remains tight even though with a slightly steeper power law index, i.e.
Ep,z 100keV
≃ (0.63 ± 0.31)( E γ,iso 10 52 erg ) (0.69±0.07) .
• E p,z − E γ (Ghirlanda relation): This relation has much larger scatter than claimed before, i.e.
Ep,z 100keV ≃ (7.9 ± 4.8)( Eγ 10 51 erg ) (0.44±0.17) . The existence of early jet breaks discovered in the Swift era is likely the origin of the scatter.
• E p,z − E γ,iso − t b,z (Liang-Zhang relation): Similar to the Ghirlanda relation, early jet breaks introduce significant scatter to the correlation. Limited to the late jet break sample (t b > 10 4 s), the correlation remains tight, i.e.
Ep,z 100keV
(0.67±0.08) . Including early jet breaks, the correlation is less tight with
• E γ − f b (Frail relation): Both E γ,iso − f b and E K,iso − f b relations have very large scatter, suggesting that GRBs do not have a standard energy reservoir.
• Type I GRBs usually deviate from these correlations, which are derived from Type II GRBs.
We note that there are jet breaks happening in the early time in the optical band, e.g., GRB 051111 ∼ 2.7 ks, GRB 070419A ∼ 1.5 ks, GRB 080413A ∼ 1 ks, GRB 120729A ∼ 5.6 ks. The t b of the first jet beak in the two-component jets are 0.2 ∼ 2 ks. Usually, the data between ∼ 1 ∼ 3 ks are missed in the XRT, which may bury the early jet break phenomena. The results are differ from the observational strategies for searching GRBs jet break, which are focused on the late time afterglows (e.g. Zhang et al. 2015) . In the past few years, swift has changed their GRB follow-up strategies, generally following GRBs for a lot less duration than earlier in the mission. However, there is not much change since optical observers only need the accurate position of GRBs, which usually provided by XRT.
The GRBs studied in this paper are chosen to have both measure X-ray and optical afterglows and their spectral indices. In order to study their energetics, redshift information is needed. As a result, the studied sample is a small fraction of all the detected GRBs, especially for short GRBs and low-luminosity GRBs. In order to address many open questions in GRB physics (e.g. Zhang 2011), such as GRB prompt emission and afterglow physics, central engine, cosmological setting, more advanced multi-wavelength instruments with higher sensitivity, larger field of view, and wider energy bandpass are needed. Many in-progress observational facilities such as, Space-based Variable Objects Monitor (SVOM) (Wei et al. 2016) , Advanced Telescope for High ENergy Astrophysics (ATHENA) (Nandra et al. 2013) , The Transient High Energy Sources and Early Universe Surveyor (THESEUS) (Amati et al. 2017) , enhanced X-ray Timing and Polarimetry mission (eXTP) (Zhang et al. 2016 ), Einstein Telescope (Hild et al. 2008) , Transient Astrophysics Observer on the International Space Station (ISS-TAO) 4 , and Transient Astrophysics Probe (TAP) 5 , will usher in an exciting era of GRB study. (2006); (2) Table 6 . GRBs with a Lower Limit Jet Break time and Their Derived Parameters. 
070125 2.18 ± 0.20 ISMII,windI-II 93.92 ± 10.13 209.85 ± 123.74 3.20 ± 0.50 7.04 ± 1.02 4.70 ± 0.29 30.9 071010A 2.22 ± 0.24 ISMII,windII 100901A 2.04 ± 0.20 ISMII,windI-II c In units of 10 51 erg. Eγ and E K is jet-corrected γ-ray energy and kinetic energy, respectively; Table 8 . Results of Our Linear Regression Analysis for the Luminosity Correlations. 0.43 0.005 -
10 52 erg Fig. 7. -The distributions of γ-ray and kinetic energies derived from the jet break sample and the lower limit sample. The Type I and II GRBs in the jet break sample are donated by gray and black line histograms, respectively. The lower and upper limit sample are represented as red and blue dashed line histogram. The black dashed lines are the best Gaussian fits for Type II GRBs: (a) isotropic γ-ray energy, E γ,iso , with a typical value log(E γ,iso /erg) = (53.11 ± 0.84); (b) isotropic kinetic energy, with a typical value log(E K,end /erg) = (54.82 ± 0.56); (c) geometrically corrected γ-ray energy (E γ ), with log(E γ /erg) = (49.54 ± 1.29); (d) geometrically corrected kinetic energy (E K ), with log(E K /erg) = (51.33 ± 0.58). 
